The cytoplasmic replication of positive-stranded RNA viruses is associated with characteristic, virus-induced membrane structures that are derived from host cell organelles. We used the prototype arterivirus, equine arteritis virus (EAV), to gain insight into the structure and function of the replication/transcription complex (RTC) of nidoviruses. RTCs were isolated from EAV-infected cells, and their activity was studied using a newly developed in vitro assay for viral RNA synthesis, which reproduced the synthesis of both viral genome and subgenomic mRNAs. A detailed characterization of this system and its reaction products is described. RTCs isolated from cytoplasmic extracts by differential centrifugation were inactive unless supplemented with a cytosolic host protein factor, which, according to subsequent size fractionation analysis, has a molecular mass in the range of 59 -70 kDa. This host factor was found to be present in a wide variety of eukaryotes. Several EAV replicase subunits cosedimented with newly made viral RNA in a heavy membrane fraction that contained all RNA-dependent RNA polymerase activity. This fraction contained the characteristic double membrane vesicles (DMVs) that were previously implicated in EAV RNA synthesis and could be immunolabeled for EAV nonstructural proteins (nsps). Replicase subunits directly involved in viral RNA synthesis (nsp9 and nsp10) or DMV formation (nsp2 and nsp3) exclusively cosedimented with the active RTC. Subgenomic mRNAs appeared to be released from the complex, whereas newly made genomic RNA remained more tightly associated. Taken together, our data strongly support a link between DMVs and the RNA-synthesizing machinery of arteriviruses.
and the 3175-amino acid pp1ab, which is synthesized after a Ϫ1 ribosomal frameshift that occurs immediately upstream of the ORF1a termination codon and results in the extension of pp1a with the ORF1b-encoded part of the replicase (reviewed in Ref. 26 ). Subsequently, pp1a and pp1ab undergo extensive autoproteolytic processing by three ORF1a-encoded proteases, which leads to the generation of 13 end products (nsps), named nsp1 to nsp12 (a recently described cleavage within nsp7 yields nsp7␣ and nsp7␤ (27) ). Most of these replicase subunits appear to become associated with intracellular membranes in the perinuclear region of the infected cell (11) (12) (13) , where they are thought to assemble into RTCs. The ORF1b-encoded subunits contain the core enzymatic activities that are involved in viral RNA synthesis, like the RNA-dependent RNA polymerase (RdRp) and RNA helicase (28, 29) , whereas ORF1a encodes, in addition to the three protease domains, several putative transmembrane subunits. The latter appear to play a more "structural" role by inducing DMV formation (30) and presumably anchoring the RTC to intracellular membranes (11) .
In EAV-infected cells, the RTC mediates the synthesis of genomic RNA (RNA1) and a nested set of six sg mRNAs (RNA2-RNA7). These transcripts are 3Ј-co-terminal and also contain a common 211-nucleotide 5Ј-leader sequence that is identical to the 5Ј-end of RNA1. Each sg mRNA is thought to be produced from its own subgenome-length minus strand template. The latter are produced via a mechanism of discontinuous minus strand RNA synthesis, during which sequences encoding sg RNA "leader" and "body" are joined (for recent reviews, see Refs. 5 and 31). The production of a set of sg transcripts is a characteristic feature of nidoviruses and serves to regulate the expression of the viral structural protein genes from the 3Ј-proximal part of the genome. Therefore, their synthesis is referred to as "transcription," to distinguish it from the process of replication. Viral RNA synthesis involves partially and fully double-stranded intermediates, known as replicative intermediates (RIs) and replicative forms (RFs), which are thought to be associated with plus and minus strand RNA synthesis, respectively (32, 33) .
The isolation of replication complexes and the development of in vitro RNA synthesis assays (IVRAs) have proven to be valuable tools for studying the mechanistic details of the replication of several viruses. However, robust in vitro systems supporting the synthesis of the full spectrum of viral RNAs produced in nidovirus-infected cells have not been described, and therefore we set out to develop such a system for EAV. The purification of active, membrane-associated RTCs should enhance our insight into their structure and function, including the molecular details of nidovirus replication and transcription. We now describe the development, optimization, and characterization of such an in vitro system for EAV, in which both genome-sized and sg RNAs, mainly of positive polarity, were synthesized. The characterization of partially purified and enzymatically active RTCs revealed that several EAV nsps, including the nsp9-RdRp, cosedimented with endogenous and newly synthesized viral RNA in fractions that contained double membrane structures. Subgenomic mRNAs appeared to be released from the RTC-containing fraction, whereas a large proportion of newly synthesized genomic RNA remained associated with it. Remarkably, the isolated RTC was not active unless it was supplemented with a preparation containing a cytosolic host protein factor. This host factor was found to be present in a wide variety of eukaryotes, and its preliminary characterization indicated that it has a molecular mass in the range between 59 and 70 kDa.
EXPERIMENTAL PROCEDURES
Cells, Virus, and Antisera-BHK-21 cells were cultured and infected with EAV (Bucyrus strain) at a multiplicity of infection of 5, essentially as described (34) , except that cells were grown in Glasgow minimal essential medium (Invitrogen) supplemented with 5 or 2% fetal calf serum before and after infection, respectively. HeLa cells and Vero E6 cells were grown in Dulbecco's modified Eagle's medium supplemented with 10% fetal calf serum. C6/36 cells were grown as described (35) . One-day old deyolked zebrafish embryos were obtained from Christoph Bagowski (Department of Integrative Zoology, Institute of Biology, Leiden University). Saccharomyces cerevisiae strain FY1679 was grown in YPD. A new nsp9 rabbit antiserum was raised against bacterially expressed recombinant nsp9 (29) . The other antisera used in this study have been described previously (12, 36, 37) .
Isolation of Enzymatically Active RTCs from EAV-infected Cells-Approximately 1 ϫ 10
8 EAV-infected BHK-21 cells were harvested by trypsinization at 6 h postinfection, when infection was carried out at the commonly used temperature of 39.5°C, or 10 h postinfection when infection was done at 37°C. Cells were resuspended in 2 ml of hypotonic buffer (20 mM HEPES, 10 mM KCl, 1.5 mM MgOAc, 1 mM DTT, 133 units/ml RNaseOUT (Invitrogen), and 2 g/ml actinomycin D (ActD), pH 7.4). During harvesting and lysis, 2 g/ml ActD was present in all solutions used. The number of harvested cells was determined using a counting chamber, and the percentage of infected cells was checked by immunofluorescence microscopy as described (11) . After incubation on ice in hypotonic buffer for 15 min, cells were disrupted in an ice-cold ball bearing homogenizer (Isobiotek) with 16-m clearance. HEPES, sucrose, and DTT were added to yield a lysate containing 35 mM HEPES, pH 7.4, 250 mM sucrose, 8 mM KCl, 2.5 mM DTT, 1 mM MgOAc, 2 g/ml ActD, and 130 units/ml RNaseOUT. Nuclei, large debris, and any remaining intact cells were then removed by two subsequent centrifugation steps at 1000 ϫ g and 4°C for 5 min, and the postnuclear supernatant (PNS) was either assayed immediately for RdRp activity or stored at Ϫ80°C, at which activity could be retained for at least 1 year. Protein concentrations were determined using the Bio-Rad protein assay reagent.
In Vitro RNA Synthesis Assay (IVRA)-Following optimization of reaction conditions (as described under "Results"), standard 28-l IVRA mixtures contained 25 l of EAV-infected cell lysate (either PNS, S10, P10, or combinations), 30 mM HEPES, pH 7.4, 220 mM sucrose, 7 mM KCl, 2.5 mM DTT, 2.5 mM MgOAc, 2 g/ml ActD, 25 units of RNaseOUT, 20 mM creatine phosphate (Sigma), 10 units/ml creatine phosphokinase (Sigma), 1 mM ATP, 0.25 mM GTP, 0.25 mM UTP, 0.6 M CTP, and 0.12 M, 10 Ci of [␣-32 P]CTP (GE Healthcare). Unless otherwise indicated, standard reactions were performed for 100 min at 30°C. Reactions were terminated by the addition of 60 l of 5% lithium dodecyl sulfate, 0.1 M Tris-HCl, 0.5 M LiCl, 10 mM EDTA, 5 mM DTT, 0.1 mg/ml proteinase K, pH 8.0. After an incubation of 15 min at 42°C, unincorporated label was removed using RNase-free Micro Bio-spin 30 columns (Bio-Rad), and RNA was isolated, dissolved in 20 l of 1 mM sodium citrate, pH 6.5, and analyzed as described below.
Isolation, Gel Electrophoresis, and Detection of RNA-RNA was isolated by acid phenol extraction and isopropyl alcohol precipitation with GlycoBlue (Ambion) as coprecipitant, essentially as described (38) . Denaturing formaldehyde agarose gel electrophoresis was performed as described (39) . Semidenaturing 7 M urea, 3% polyacrylamide gel electrophoresis was performed essentially as described (40) . Before loading, samples were either incubated at 42°C for 15 min or heat-denatured for 3 min at 96°C, followed by rapid cooling on ice. For detection of IVRA products, PhosphorImager screens were directly exposed to dried gels, after which screens were scanned with a Personal Molecular Imager FX (Bio-Rad), and incorporation of label was quantified using Quantity One version 4.5.1 software. Incorporation of [␣-32 P]CTP was quantified by correlating the measurements to those from membrane strips containing known quantities of [␣-
32 P]CTP. For the detection of unlabeled EAV RNA, direct hybridization of agarose gels was performed (39) using a 32 P-labeled oligonucleotide probe (5Ј-TTGGTTCCTGGGTGGCTAATAACTACTT-3Ј) that is complementary to the 3Ј-end of all EAV mRNAs. For quantitative analysis, known quantities of in vitro transcripts were run on the same gel.
Hybridization of IVRA Products-In vitro transcribed RNAs (1 g) corresponding to the ORF7 region (nucleotides 12313-12660) of the EAV genome (RNA7 ϩ ) or its complementary sequence (RNA7 Ϫ ) were immobilized to Hybond N ϩ membrane (GE Healthcare). Equal amounts of total cellular RNA isolated from mouse L cells and full-length Sindbis virus RNA transcripts were included as negative controls. The membrane with the immobilized probes was hybridized (0.8-ml volume; 16 h at 60°C) with half of the 32 P-labeled RNA recovered from a 28-l IVRA. Membranes were washed twice for 20 min at 60°C with 4 ml of 15 mM NaCl, 1 mM NaH 2 PO 4 , 0.1 mM EDTA, 0.05% SDS, pH 7.0. To confirm the specificity of the immobilized probes, membranes were also hybridized with either 32 Plabeled RNA7 ϩ or 32 P-labeled RNA7 Ϫ transcript. Hybridization was quantified by PhosphorImager analysis as described above.
LiCl Fractionation and RNase Treatment of IVRA Products-IVRA reactions were terminated with lithium dodecyl sulfate and proteinase K as described above. After removal of unincorporated label, the LiCl concentration was raised to 2 M, and samples were incubated at Ϫ20°C for 16 h (40). RI and ssRNA were pelleted by centrifugation for 1 h at 16,000 ϫ g and 4°C.
Pellets were washed with 70% ethanol, dried, and dissolved in 1 mM sodium citrate. The 2 M LiCl supernatant was desalted using Micro Bio-spin 30 columns (Bio-Rad). Samples were treated with a mix of RNase A (2.5 units/ml) and RNase T1 (100 units/ml) under low salt conditions (15 mM NaCl, 2 mM sodium citrate, pH 7.2) or high salt conditions (750 mM NaCl, 75 mM sodium citrate, pH 7.2) for 15 min at 37°C. Double-stranded RNA was specifically degraded by incubation with RNase III (Ambion; 50 units/ml) for 15 min at 37°C in 650 mM NaCl, 60 mM sodium citrate, 10 mM MgOAc, 1 mM DTT, 10 mM TrisHCl, pH 7.2. After RNase treatment, RNA was isolated as described above, except that the phenol extraction step was omitted.
Subcellular Fractionation by Differential Centrifugation, Ultrafiltration, and Size Exclusion Chromatography-PNS fractions of BHK-21, HeLa, Vero E6, and C6/36 cells were prepared by mechanical disruption as described above for EAVinfected BHK-21 cells. A yeast PNS and a zebrafish PNS were prepared in a similar way except that yeast cells from a 50-ml culture were disrupted by vortexing in the presence of 500-m diameter glass beads in 0.5 ml of hypotonic buffer, and zebrafish cells from 200 1-day-old zebrafish embryos were disrupted in 200 l of hypotonic buffer by passing them through a 27-gauge needle. The total protein concentration in all lysates was between 1 and 5 mg/ml. PNS fractions were centrifuged for 10 min at 4°C at 5,000 ϫ g, 10,000 ϫ g, and 16,000 ϫ g, yielding supernatants S5, S10, and S16 and pellets P5, P10, and P16, respectively. Pellets were resuspended in dilution buffer (35 mM HEPES, 250 mM sucrose, 8 mM KCl, 2.5 mM DTT, 1 mM MgOAc, pH 7.4) by carefully pipetting (20 times) in one-fifth to one-tenth of the volume of the PNS from which the pellet was prepared. For IVRAs, 5 l of a pellet fraction was mixed with either 20 l of dilution buffer or 20 l of a "supernatant fraction", after which reactions were performed as described above. The S16 fraction was centrifuged for 1 h at 200,000 ϫ g to yield a S200 supernatant fraction. Low molecular mass compounds (Ͻ6 kDa) were removed from S16 by size exclusion chromatography using Micro Bio-spin 6 columns (Bio-Rad), yielding fraction FϾ6. Ultrafiltration of S16 through filters with cut-off sizes of 10 kDa (Millipore Biomax 10K NMWL), 100 kDa (Millipore Biomax 100K NMWL), and 1000 kDa (Vivascience Vivaspin 1,000,000 MWCO) yielded filtrates FϽ10, FϽ100, and FϽ1000, respectively.
Gel Filtration Chromatography-A HeLa S200 fraction (240 g of protein in 200 l) was fractionated by gel filtration chromatography using an AKTA FPLC (GE Healthcare) and a Superdex 200 HR10/30 column (GE Healthcare) at 4°C. The column was equilibrated with 20 mM HEPES, pH 7.4, 150 mM KCl, 2 mM DTT, 1 mM MgOAc. Elution was done in the same buffer, at a flow rate of 0.5 ml/min, and 0.5-ml fractions were collected after the first 7 ml (which represented the void volume of the column). For each fraction, the buffer was exchanged to dilution buffer using Micro Bio-spin 6 desalting columns (BioRad). The Superdex column was calibrated with the HMW calibration kit (GE Healthcare) to obtain size estimates for the protein fractions obtained.
Protease and Nuclease Treatment-Fraction S16 was treated for 15 min at 30°C with 2, 0.4, 0.08, and 0 mg/ml proteinase K, after which the protease was inactivated by adding 2 mM phenylmethylsulfonyl fluoride, and samples were cleaned up with Micro Bio-spin 6 columns (Bio-Rad). Inactivation of proteinase K by this procedure was confirmed by testing the stability of 35 S-labeled control proteins during a 100-min incubation. S16 was treated with 75 units/ml microccocal nuclease (Fermentas) in the presence of 2 mM CaCl 2 for 30 min at 30°C, after which the nuclease was inactivated by the addition of 5 mM EGTA. The extent of RNA degradation was monitored using a [
3 H]uridine-labeled in vitro transcript.
SDS-PAGE and Western Blot Analysis-After SDS-PAGE, proteins were transferred to Hybond-P polyvinylidene difluoride membrane (GE Healthcare) by semidry blotting. Membranes were blocked with 1% casein in PBS containing 0.1% Tween 20 (PBST) and were incubated with monospecific anti-EAV replicase rabbit antisera: anti-nsp1 antisera, all diluted in PBST containing 0.5% casein and 0.1% bovine serum albumin. Peroxidase-conjugated swine anti-rabbit IgG antibody (DAKO) and the ECL-plus kit (GE Healthcare) were used for detection. The SilverQuest kit (Invitrogen) was used for silver staining of SDS-polyacrylamide gels.
Electron Microscopy-Formvar-coated grids were placed on top of 25-l drops of P10 fractions and incubated at room temperature for 1 min. After blocking with 1% bovine serum albumin in PBS, grids were incubated with a rabbit anti-nsp3 or preimmune serum (1:200) in PBS containing 1% bovine serum albumin for 30 min, and bound rabbit IgG was detected with 15-nm protein A-gold. After fixation with 1.5% glutaraldehyde and negative staining with 3% uranyl acetate, grids were viewed with a Philips CM-10 transmission electron microscope at 100 kV. For ultrastructural analysis of native DMVs, EAV-infected BHK-21 cells grown on coverslips (Thermanox) were cryofixed by high speed plunge freezing in liquid ethane, freeze substitution, and embedding in LX-112 epoxy resin. 3 Ultrathin sections were contrasted with uranyl acetate and lead hydroxide and viewed with a Philips CM-10 transmission electron microscope at 100 kV.
RESULTS
EAV RTC Activity in Cytoplasmic Extracts-To study the EAV RTC, we sought to isolate the virus-specific RNA-synthesizing activity from infected BHK-21 cells by mechanical disruption and cell fractionation. Metabolic labeling of EAV RNA synthesis with [ 3 H]uridine revealed that it was maximal by 6 h postinfection (data not shown), and therefore RTCs were routinely isolated at this time point. In general, ϳ10 8 infected cells were used to prepare a cytoplasmic extract (PNS) with a total protein concentration of 2-5 mg/ml. The PNS described above was used in IVRAs (see "Experimental Procedures"), in which the incorporation of [␣-
32 P]CTP into viral RNA was analyzed in a reaction mixture containing NTPs, Mg 2ϩ , an energy-regenerating system (creatine phosphate and creatine phosphokinase), and an inhibitor of cellular transcription (ActD). We used labeled CTP in our assays to minimize background incorporation that could result from the presence of cellular terminal transferases, which preferentially use ATP and UTP (41). In a time course experiment (Fig. 1A) , we observed the accumulation of several in vitro-synthesized, 32 P-labeled RNA species with sizes corresponding to those of the EAV genome (RNA1) and all six sg mRNAs (RNA2 to -7). Upon incubations longer than 100 min, the amount of labeled RNA decreased, probably due to the combination of the (continuous) activity of endogenous RNases and a decreasing synthesis rate. The halflife of viral RNA in PNS at 30°C was estimated to be ϳ20 or 40 min, depending on whether we analyzed the integrity of 3Ј-terminal sequences (hybridization) or the degradation of [
3 H]uridine-labeled RNA molecules to fragments smaller than 20 nucleotides (data not shown). Concurrently, it was found that after a 100-min incubation, only 2-10% remained of the endogenous EAV RNA or of an in vitro-made transcript when it was added to the assay (data not shown). The addition of fresh reaction components (NTPs and energy-regenerating system) at 80 or 100 min into the assay did not boost product formation (data not shown), suggesting that the decrease in incorporation was not due to depletion of reaction components or cellular phosphatases (42) but rather to the absence of (re)initiation of RNA synthesis (in our system) or to loss of RTC activity. We favor the latter explanation, since a Ͼ75% reduction in activity was observed when the PNS was preincubated, prior to the IVRA, for 1 h at 4 or 20°C (with or without reaction components), suggesting that the RTC activity is not very stable at these temperatures (data not shown).
IVRAs performed using varying Mg 2ϩ concentrations revealed that RTC activity is strongly dependent on Mg 2ϩ with a relatively narrow optimum (Fig. 1B) . Further optimization in the 2-4 mM range (data not shown) indicated 2.5 mM Mg 2ϩ to be optimal, yielding maximal amounts of EAV-specific RNA products and minimal amounts of host cell-derived background incorporation. Mg 2ϩ could not be replaced by Mn 2ϩ , which strongly inhibited the RNA-synthesizing activity (Fig.  1B) , even in the presence of Mg 2ϩ (data not shown). The addition of Mn 2ϩ led to the accumulation of many small, labeled products, suggestive of abortive RNA synthesis, possibly due to compromised RdRp processivity.
IVRAs performed at 25, 30, and 37°C were compared, with maximum yields obtained at 30°C (data not shown). The optimal pH for the RNA-synthesizing activity was 7.5 ( Fig. 1C) , since at lower pH hardly any incorporation was observed, whereas at higher pH, a decrease in EAV-specific incorporation was accompanied by a strong increase in the synthesis of background products (Fig. 1C) . Both the energy-regenerating system and exogenous NTPs were essential for activity (Fig. 1D) .
Effect of Low Molecular Weight Compounds on EAV RTC Activity in Vitro-The addition of KCl, which stimulated the in vitro activity of another RdRp (43), did not increase EAV RTC activity. As reported for other viruses (41, 43) , Ca 2ϩ strongly inhibited in vitro RTC activity, but the addition of EGTA had no (stimulating) effect in the case of EAV (data not shown). Ionic and nonionic detergents like SDS, DOC, Nonidet P-40, CHAPS (data not shown), and Triton X-100 (Fig. 1D) all completely abolished the accumulation of radiolabeled viral RNA when added to IVRAs at 0.5 or 5 times their critical micelle concentration, suggesting a crucial role for membranes. The addition of 0.4 mM cap analogue (m7GpppG) had no effect (data not shown), whereas raising the DTT concentration to 10 mM or adding 2 mM spermidine resulted in a 60 and 40% reduction, respectively. Therefore, none of the aforementioned compounds, which have been used to stimulate the in vitro activity of replication complexes of other RNA viruses, were included in the assay that was used for further studies.
The translation inhibitor cycloheximide had no significant effect on the in vitro RTC activity (data not shown). In conjunction with the observed lack of [
35 S]methionine incorporation during IVRAs (data not shown), this suggests that (continued) protein synthesis is not required for RdRp activity of the EAV RTC in vitro.
Kinetics of EAV RTC Activity in Vitro-The K m for NTPs reported for in vitro assays with the replication complexes of other RNA viruses is in the range of 3-15 M (43, 44). Consequently, we presumed that the low CTP concentration (0.12 M) would strongly limit RdRp activity when only radiolabeled CTP would be present in EAV IVRAs. To study the kinetics of RNA synthesis by the EAV RTC in vitro, reactions were performed with varying amounts of unlabeled CTP (up to 200 M), using a fixed concentration of 0.12 M [␣- 32 P]CTP as a tracer. The incorporation of [␣-32 P]CTP into viral RNA was quantified, and the total CTP incorporation was calculated based on the known specific activity ( Fig. 2A) . At high specific activity, when the [␣-32 P]CTP was not supplemented with cold CTP, ϳ22.4 fmol of [␣-
32 P]CTP/h/mg of protein was incorporated into viral RNA ( Fig. 2A) . At low specific activity, when radiolabeled CTP was supplemented with 200 M unlabeled CTP, the CTP incorporation rate increased over 400-fold to 9566 fmol/ h/mg of protein, whereas the incorporation rate of [␣-
32 P]CTP decreased only 4-fold to 5.8 fmol/h/mg of protein. For Sindbis virus and West Nile virus, similar results have been reported; product detection was better using high specific activity radiolabel, whereas total CTP incorporation was higher when low specific activities of radiolabel were used (41, 42) . Using a double reciprocal plot of 1/S versus 1/V, the K m of the RTC for CTP was estimated to be 48 M, and a V max of 11,000 fmol of CTP/ h/mg of protein was calculated. Using 0.12 M [␣- 32 P]CTP as a tracer, maximum incorporation of radiolabel was detected when the labeled CTP was supplemented with 0.6 M of cold CTP ( Fig. 2A) . Despite the reaction rate of only 160 fmol of CTP/h/mg of protein, these conditions were used in subsequent experiments to ensure optimal detection of RNA products.
EAV RTC Activity in Vitro under Optimized Conditions- Fig.  1E depicts the results of a fully optimized IVRA performed using PNS from mock-and EAV-infected cells. Besides EAVspecific products, several minor labeled RNA species with sizes not corresponding to those of the known EAV RNAs were observed. Probably, these are cellular RNAs, since they were also, often more prominently, detected in assays performed with PNS from mock-infected cells (Fig. 1E ). Since host cell nuclei had been removed and ActD was present, it is unlikely that these aberrant products resulted from (residual) host cell transcription. Hence, cellular activities, such as terminal transferases, were probably responsible for the labeling of host RNAs (41) . A severe reduction in the synthesis of EAV-specific radiolabeled RNA products was observed when using CTP as the only NTP in the reaction (Fig. 1D ), indicating that a bona fide RdRp activity rather than a template-and NTP-independent terminal transferase activity was monitored in our assay. The intensity of the background bands could be minimized by carefully optimizing the reaction conditions (especially with respect to pH and Mg 2ϩ concentration), resulting in the majority of label being incorporated into EAV-specific products.
Characterization of EAV-specific RNAs Synthesized in Vitro by the RTC-To determine the polarity of the EAV RNAs that are produced by the EAV RTC in vitro, 32 P-labeled IVRA products were hybridized to membranes containing immobilized sense (RNA7 ϩ ) or antisense (RNA7 Ϫ ) probes representing a part (ORF7) of the 3Ј-proximal region of the EAV genome (Fig.  3A) . The specificity of this method was confirmed by hybridizing these membranes with 32 P-labeled, in vitro-produced RNA7 ϩ and RNA7 Ϫ control transcripts (Fig. 3A) . The 32 P-labeled IVRA products strongly hybridized to the RNA7 Ϫ probe (Fig. 3A) , indicating that the EAV RNAs synthesized were mainly of positive polarity. The quantity of radiolabeled material that hybridized to immobilized RNA7 ϩ or control RNA was at least 60-fold less than that captured by the RNA7 Ϫ probe. The fact that negative sense products were hardly detected was not due to low sensitivity of the assay, as the positive sense RNA was still readily detectable when 10 times fewer IVRA products were used in the hybridization assay (Fig. 3A) .
To study the incorporation of [␣-32 P]CTP into RI, RF, and ssRNAs, reaction products were analyzed by LiCl fractionation and by treatment with RNases that specifically degrade either double-stranded RNA or ssRNA. Subsequently, products were analyzed in a semidenaturing 7 M urea, 3% polyacrylamide gel (Fig. 3B) , allowing the separation of the RI, RF, and ssRNA forms (40) . In view of the anticipated complexity of the data for the various sg RNAs (which would yield a complex pattern of up to 18 additional bands), the present analysis is limited to genomic RNA, and the analysis of the RI, RF, and singlestranded forms of the sg RNAs will be described elsewhere.
Approximately 68% of the radiolabel was detected in a product that migrated at the position of ssRNA1, 30% was in a slower migrating RI form, and 2% of the label was found in the faster migrating RF form of RNA1 (Fig. 3B, lane 1) . When the IVRA products were heat-denatured prior to electrophoresis, a product migrating at the position of ssRNA was visible (Fig. 3B, lane  2) . After degradation of ssRNA by RNase A/T1 treatment under high salt conditions, only a band at the position of the nucleaseresistant RF form was observed (Fig. 3B, lane 4) . The increased intensity of the RF band in lane 4 (compared with lane 1) was probably due to the redistribution of label from the RI form, which was converted into RF through degradation of nascent strands. Likewise, the denaturation of RNase A/T1-treated RNA converted the RF into ssRNA (lane 5). All RNAs were completely degraded upon RNase A/T1 treatment under low salt conditions (lane 3). After treatment with the double- ) were immobilized on membranes. These membranes were hybridized with 32 P-labeled RNA7 ϩ or RNA7 Ϫ to determine the specificity of the method and with IVRA reaction products to determine the polarity of in vitro-synthesized EAV RNA (IVRA products). Hybridization of a membrane with a 1:10 dilution of IVRA products was done to assess the sensitivity of the method. B, incorporation of [␣-
32 P]CTP into the RI, RF, and ssRNA forms of in vitro synthesized EAV genomic RNA. After a standard IVRA, isolated total RNA (lanes 1-6) underwent various treatments and was analyzed in a semidenaturing 7 M urea, 3% polyacrylamide gel. Completely double-stranded, LiCl-soluble RF RNA (lanes 13-18) was separated from LiCl-insoluble single-stranded and partially single-stranded RI RNAs (lanes 7-12) by fractionation in 2 M LiCl. Samples were treated with RNaseA/T1 either using high salt conditions (AH), under which ssRNA is specifically degraded, or under low salt conditions (AL), causing degradation of all RNA. Double-stranded RNA was specifically degraded by RNase III treatment, as indicated above the lanes (III). Some samples were heat-denatured prior to running the gel. The position of ssRNA1 in this gel system was determined using 32 P-labeled in vitro transcribed RNA1 (IVT RNA1). Only RNA1 is visible in this figure, since the sg RNAs migrated off the gel under the electrophoresis conditions applied. The positions of RI, RF, and ssRNA are indicated beside the gel.
stranded RNA-specific RNase III, labeled products were observed almost exclusively at the position of ssRNA1 (lane 6).
The LiCl-insoluble fraction contained the (partially singlestranded) RI and ssRNA1 and no RF RNA, the latter being LiClsoluble (Fig. 3B, lanes 7 and 13) . After RNase A/T1 treatment of the LiCl pellet fraction, the ssRNA was no longer detectable, and the RI was converted into the RF (Fig. 3B, lane 10) . Upon denaturation of this sample, the band migrating at the RF position disappeared, and a smear appeared at the position between the ssRNA and RF bands in the gel, which probably represented abrogated and partially degraded labeled molecules that had originally been part of the double-stranded regions of the RI (Fig. 3B, lane 11) .
The RF form was soluble in 2 M LiCl (Fig. 3B, lane 13) , which indicates that it was completely double-stranded. This was further substantiated by the observation that it was fully degraded by RNase III and completely resistant to RNase A/T1 treatment (lanes 16 and 18) . After denaturation of LiCl-soluble RNA that was either untreated or RNase A/T1-treated, a discrete band migrating at the expected position of ssRNA was observed. This indicates that, unlike the RI (lane 11), the RF was completely double-stranded and consisted of two full-length molecules of opposite polarity (lanes 14 and 17) .
Taken together, these data indicate that the EAV RTC catalyzed the incorporation of nucleotides into the RI and RF forms of RNA1 in vitro and that single-stranded genomic RNA was released from (one or both of) these forms.
EAV RTC Activity Depends on a Cytosolic Host Factor-To determine whether isolation of active EAV RTCs can be achieved by differential centrifugation, we first determined the FIGURE 4. Characterization of a host factor required for EAV RTC activity. IVRAs were performed and products were analyzed as described in the legend to Fig. 1 . A, RTC activity in cellular fractions obtained by differential centrifugation of the PNS. IVRAs were performed on the lysate before centrifugation (PNS) and on the supernatant after centrifugation for 10 min at 5000 ϫ g (S5), 10,000 ϫ g (S10), and 16,000 ϫ g (S16). B, IVRAs containing either S16 or P10 alone or P10 supplemented with either S16 from infected cells or mock-infected cells as indicated above the lanes. C, ability of fractions to stimulate activity of sedimented RTCs. IVRAs were performed with 5 l of P10 supplemented with 20 l of dilution buffer (lane 1) or various fractions (lanes 2-13). S16 and S200 are 16,000 ϫ g and 200,000 ϫ g supernatant fractions prepared from the PNS of EAV-infected cells. FϾ6 was prepared from S16 by removal of molecules with a molecular mass Ͻ6 kDa by size exclusion chromatography. FϽ10, FϽ100, and FϽ1000 were prepared from S16 by ultrafiltration over filters with 10, 100, and 1000 kDa cut-offs, respectively. S16 was treated (ϩ) or mock-treated (Ϫ) with micrococcal nuclease (MNase) or 0, 2.0, 0.4, or 0.08 mg/ml proteinase K as indicated above lanes 10 -13 , all diluted to result in the addition of 30 g of total protein/IVRA reaction. E, purification of the host factor from a HeLa cell S200 fraction by gel filtration. IVRAs were performed with isolated RTCs (P10) supplemented with various fractions from the gel filtration column, as indicated at the bottom of the gel. The molecular mass range of each fraction was extrapolated from a calibration curve and is indicated under the fraction numbers. F, analysis of 0.5 l of PNS, S200, and column fraction 13 by SDS-PAGE and silver staining (lanes  1-3) . Lane 4 contains 5 l of column fraction 13.
g-force required to remove RdRp activity from the PNS. Supernatants prepared by centrifugation at 5000 ϫ g, 10,000 ϫ g, or 16,000 ϫ g retained 38, 8, and 3% of the activity, respectively (Fig. 4A) . For subsequent experiments, pelleting at 10,000 ϫ g was used, since we were able to routinely remove about 95% of activity from the PNS, whereas the pellet could still be readily resuspended (this was more difficult for a 15,000 ϫ g pellet, increasing the risk of mechanical damage to the RTC by sheering forces). The activity producing the background product migrating directly above RNA2 in all lanes of the gel in Fig. 4A remained in the cytosolic fractions, suggesting that it is soluble and could thus be separated from the RTC by this method. Surprisingly, the resuspended P10 pellet only exhibited very weak RTC activity (Fig. 4B, lane 2) . However, this activity could be stimulated considerably with an aliquot of a supernatant fraction (S16; lane 3) . Importantly, S16 prepared from mockinfected cells was equally capable of restoring the RTC activity of P10, demonstrating that the factor involved must be of host origin (lane 4).
To determine the nature of the host factor required for RTC activity, the S16 fraction was fractionated by centrifugation, ultrafiltration, and size exclusion chromatography and was also treated with either a nuclease or a protease (Fig. 4C) . The host factor did not pellet at 200,000 ϫ g (Fig. 4C, lane 3) , suggesting that it is a soluble cytosolic component, not associated with cellular organelles. A fraction from which molecules smaller than 6 kDa had been removed by size exclusion chromatography retained the ability to activate the isolated RTC (Fig. 4C,  lane 4) , indicating that the factor(s) is not a low molecular weight compound, like an NTP or metal ion. The host factor was removed by ultrafiltration using a filter with a 10 kDa cutoff value but passed through filters with 100 or 1000 kDa cut-off values (Fig. 4C, lanes 5-7) . Nuclease treatment had no effect, whereas protease treatment destroyed the ability of an S16 fraction to activate pelleted RTCs (Fig. 4C, lanes 8 -13) . Taken together, these data indicate that the host factor that is required for the activity of isolated RTCs is a soluble cytosolic protein with a native molecular mass in the range of 10 -100 kDa.
To determine whether the host factor is also present in cell types other than BHK-21 cells, S200 fractions from various (uninfected) mammalian, fish, insect, and yeast cells were tested for their ability to activate RTCs isolated from EAVinfected BHK-21 cells (Fig. 4D) . With the exception of yeast, S200 fractions from all organisms tested were able to reconstitute RTC activity of the P10 fraction, indicating that the host factor is likely to be conserved in animal cells.
The host factor was further purified from a HeLa cell S200 fraction by gel filtration chromatography, since we anticipated that the available data on the human genome and proteome would facilitate future identification of the factor by, for example, mass spectrometry. Each gel filtration fraction was analyzed for the presence of the host factor by adding it to an IVRA with pelleted RTCs (P10 fraction) isolated from EAV-infected BHK-21 cells (Fig. 4E) . Fraction 13, which contains proteins with a mass of 53-70 kDa, exhibited the maximum stimulatory effect on RTC activity (Fig. 4E) . In an independent experiment, in which slightly different column fractions were collected, the host factor was retrieved in the fraction containing 59 -78-kDa proteins (data not shown). Taken together, these studies suggest that the (native) mass of the host factor is between 59 and 70 kDa.
Compared with PNS or an S200 fraction, the protein concentration of column fraction 13 was greatly reduced, and its composition was clearly less complex (Fig. 4F, lanes 1-3) , without affecting its ability to stimulate the RTC, indicating that we have achieved a significant purification of the host factor. However, fraction 13 still contained over 30 proteins, as could be observed when a 10-fold larger sample was analyzed (Fig. 4F,  lane 4) , and therefore additional purification steps will be required for the unequivocal identification of the host factor. A potential complicating factor for this follow-up might be that the host factor is (part of) one of the homo-or heteromultimeric complexes that are apparently present in fraction 13, which would explain the presence of several polypeptides with a mass smaller than 53 kDa in this fraction (Fig. 4F, lane 4) .
Quantitative analysis revealed that the sedimentation procedure used to prepare P10 fractions led also to a substantial nonrecoverable loss of RTC activity with a significant variation between individual experiments. Typically, 10 -50% of the activity that was originally present in the PNS could be recovered in P10 fractions when assayed in the presence of the transactivating host factor. The considerable loss of activity was apparently not due to the resuspension procedure of the RTC pellets, since resuspending less vigorously or not at all further reduced the recovery of activity (data not shown). The P10 fractions typically contained 3-7% of the protein that was present in the PNS. Therefore, despite the low yield, a 2-13-fold increase in specific RTC activity was achieved when comparing P10-with PNS-based samples.
Distribution of EAV nsps between S10 and P10 Fractions-To start defining the composition of the RTC and the potential roles of the various EAV nsps in viral RNA synthesis, the distribution of these proteins between the P10 and S10 fractions was investigated by Western blotting (Fig. 5) . As anticipated, nsp2 and nsp3 were almost exclusively present in the P10 fraction. These subunits contain hydrophobic domains (11, 13) , have been implicated in virus-induced membrane modifications, and probably are a structural component of the DMVs (30) . The nsp9-RdRp and nsp10-helicase subunits were also predominantly found in P10. Significant amounts of larger nsp9 precursors were recovered from the cytosolic S10 fraction, probably representing replicase polyproteins and cleavage intermediates, whose processing is relatively slow (37) . Mature nsp4-main protease largely remained in S10, separated from the nsp9-RdRp and nsp10-helicase, suggesting that its presence is not (or is no longer) required for RTC activity. On the other hand, the long lived nsp3-4 processing intermediate (36) was present in the P10 fraction, probably through membrane association of its hydrophobic nsp3 part (11) . Also a large proportion of the nsp3-8, nsp5-8, and nsp5-7 intermediates cosedimented with the RTC, probably as a result of the membrane association of the hydrophobic nsp5 part of these proteins. Polypeptides lacking this hydrophobic domain, like the nsp6 -8, nsp7-8, and nsp6 -7 products of the minor proteolytic processing pathway (45) , were mainly recovered from the cytosolic fraction (Fig. 5) . In the case of nsp1, a multifunctional autoprotease whose zinc finger domain has been directly implicated in EAV transcription (46 -48) , ϳ75% of the protein was found in the cytosolic S10 fraction, but ϳ25% of the protein was recovered from the RTC-containing P10 fraction, which is in line with its essential role in sg RNA synthesis. A comparable nsp1 distribution was observed in vivo by immunofluorescence microscopy of infected cells. 4 DMVs Are Present in the RTC-containing P10 Fraction-The RTC-containing P10 fraction was analyzed by electron microscopy (negative staining) in combination with an immunogold labeling for nsp3 (Fig. 6A) . The fraction contained abundant vesicles with a diameter of 60 -80 nm that clearly appeared to have a double membrane and labeled strongly when using an anti-nsp3 rabbit serum. Immunogold labeling was not observed when the preimmune serum of the same rabbit was used (Fig.  6B) . These structures were slightly smaller than the DMVs observed in infected cells (Fig. 6C) (12) , which might be due to differences in fixation methods. The overall morphology, presence of a double membrane, and abundant presence of nsp3 were all consistent with the notion that the P10 fraction is enriched for the virus-induced DMVs that are observed in EAV-infected cells. Such structures were not observed in P10 fractions prepared from mock-infected cells (data not shown).
Distribution of EAV RNA between S10 and P10 FractionsThe distribution of endogenous EAV RNA between the P10 and S10 fractions was analyzed by quantitative hybridization of RNA isolated from these fractions using a probe complementary to the 3Ј-end of all EAV mRNAs. Endogenous genomic RNA was approximately evenly distributed between the cytosolic S10 fraction and the RTC-containing P10 (Fig. 7A) . Conversely, sg mRNAs were mainly recovered from the cytosolic S10 fraction (Fig. 7A) . This differential distribution of genome versus sg mRNA was even more striking for newly synthesized RNA that was labeled in vitro using PNS, after which a fractionation into P10 and S10 was performed (Fig. 7B) . The bulk of newly made genomic RNA remained associated with the RTC in P10, whereas only a small fraction, presumably singlestranded RNA released from the RTC, was present in S10. In contrast, newly made sg mRNAs were mainly recovered from the cytoplasmic S10 fraction, suggesting their rapid release from the complex in which they had been synthesized.
DISCUSSION
Characterization of EAV RTC Activity in Vitro-In this study, we describe the first procedure for the isolation of an active arterivirus RTC from infected cells and the initial biochemical characterization of its composition and RNA-synthesizing activity. Using EAV, one of the best studied nidovirus models, we succeeded in obtaining an RTC preparation capable of the in vitro synthesis of both viral genomic RNA and all sg RNAs. The isolated RTC incorporated radiolabel into EAV-specific products in a reaction mixture containing [␣-
32 P]CTP, Mg 2ϩ , and an energy-regenerating system. The absence of such products in IVRAs performed with lysates from mock-infected cells and their dependence on the presence of all four NTPs demonstrated that they resulted from genuine viral RdRp activity. To our knowledge, this is the first robust in vitro system for nidovirus replication and transcription. RdRp activity in cell lysates has been reported previously for the (very distantly) related coronaviruses MHV and TGEV (49 -53) , but these activities were in some cases barely detectable and appeared to be rather unstable. Furthermore, reaction products were not characterized (49, 51) , there were discrepancies between the sizes of in vitro and in vivo synthesized viral RNA (50, 53) , only genomesized RNA was detected (52), or conflicting observations were reported (50 -52, 54) . The EAV in vitro assay described here should facilitate studies into the role of membranes, host factors, and viral proteins involved in replication and transcription and allow for the more detailed characterization of the nidovirus RTC at the molecular level.
Up to 100 min into the reaction, radiolabeled products accumulated, after which a decrease was observed, probably due to a decreasing RNA synthesis rate in combination with a steady rate of degradation by cellular nuclease activity. Consistent with our results, nucleases in BHK-21 cell extracts were previously reported to be responsible for the cessation of in vitro RdRp activity of other viruses (42, 55, 56) . The K m for CTP of the EAV RTC was estimated to be 48 M, slightly higher than values (3-15 M) reported for other viruses (43, 44) , and the V max of CTP incorporation was calculated to be ϳ11,000 fmol/ h/mg of protein. This is ϳ5-fold higher than the in vitro RdRp activity reported for several flaviviruses (1000 -2700 fmol/h/ mg) (43, 57, 58), more than 20-fold higher than activities previ- ously reported for brome mosaic virus (59) and the coronaviruses TGEV (53) and MHV (49) and 5-20-fold lower than values reported for several alpha-and picornaviruses (42, 60 -62) . For EAV, an up to 13-fold increase in specific activity could be achieved when the RTC was partially purified by sedimentation at 10,000 ϫ g. Incorporation of radiolabel into the RI, RF, and single-stranded forms of EAV RNA1 was observed, mainly into RNA of positive polarity, which is in line with the asymmetric synthesis of a large excess of plus strands over minus strands that is commonly observed in vivo.
The in vitro activity of the EAV RTC was strongly dependent on Mg 2ϩ , as also reported for other positive-stranded RNA viruses (41, 43, 44, 49, 52, 57, 59 -71 5 as has also been found for West Nile virus and Japanese encephalitis virus RdRp activity (41, 43) . A strong inhibitory effect of Mn 2ϩ on in vitro RdRp activity was reported for various other viruses (53, 60, 61, 63, 65, 72) , although for several flaviviruses Mn 2ϩ could substitute for Mg 2ϩ to a limited extent (41, 43, 66 -68, 70, 73) . The addition of Mn 2ϩ to the EAV IVRA promoted the accumulation of small products, suggesting that elongation/processivity was affected, as was observed for Japanese encephalitis virus, hepatitis C virus, and brome mosaic virus (43, 68, 74) . The inhibition of the EAV RTC activity by Mn 2ϩ contrasts with the Mn 2ϩ dependence of the purified EAV nsp9-RdRp that was recently reported (29) . However, this nsp9-RdRp activity was only observed on artificial templates rather than natural templates.
An energy-regenerating system was essential for EAV RTC activity, which might for example be due to the ATP dependence of the nsp10-helicase that presumably plays a key role in RNA synthesis and/or release of ssRNA. Supporting this idea, in a pestivirus in vitro RdRp assay, radiolabel was only detected in double-stranded RNA and no longer in ssRNA in the absence of an energy-regenerating system (58) .
Thus far, it remains unclear whether the isolated RTC is capable of initiation of viral RNA synthesis in vitro or is only elongating nascent RNA molecules (plus strands in RIs) initiated in vivo. Continuous incorporation of label in short sg RNAs, like RNA7, up to 100 min after the start of the assay might indicate initiation of RNA synthesis in vitro, since in the absence of initiation, accumulation of short RNAs would be expected to peak before that of longer molecules. On the other hand, the isolated RTC did not evidently utilize an exogenous replication-competent plus strand RNA (replicon EDI (75)) as template for RNA synthesis (data not shown). However, it should be noted that such a positive sense RNA may be a poor template in our assay for a variety of reasons related to the properties of the RTC, like the predominant synthesis of plus strands, exogenous macromolecules being unable to enter (preformed) membrane-associated RTCs, or RTC formation occurring in cis (e.g. in conjunction with translation of the RNA, which is not likely to occur in this in vitro assay) (see below). In support of this latter notion, it was found that preformed poliovirus replication vesicles, resulting from the expression of viral FIGURE 6 . Electron micrographs of the RTC-containing P10 fraction and EAV-infected cells. A, immunoelectron microscopy with anti-nsp3 rabbit serum on the chemically fixed P10 fraction. B, control labeling of the P10 fraction with preimmune serum from the same animal. C, electron micrograph of a thin section of cryofixed EAV-infected BHK-21 cells. Scale bar, 100 nm. FIGURE 7. Distribution of endogenous and newly in vitro synthesized EAV RNA. A, distribution of endogenous EAV RNA. Viral RNA recovered from the 10,000 ϫ g supernatant (S10) and pellet (P10) obtained after centrifugation of the PNS of EAV-infected cells was analyzed by denaturing formaldehydeagarose electrophoresis and hybridization with a 32 P-labeled probe complementary to the 3Ј-end of all EAV RNAs. B, distribution of in vitro synthesized EAV RNA. After an IVRA, the PNS was fractionated into a 10,000 ϫ g supernatant (S10) and pellet (P10).
32 P-Labeled in vitro synthesized RNA was visualized by denaturing formaldehyde-agarose electrophoresis and direct PhosphorImager analysis. The percentage of each RNA species that is present in the P10 fraction is indicated to the right of each gel. Numbers for RNA3, -4, and -5 are absent in B, because the signal obtained with the P10 fraction was too low to be reliably quantified.
proteins, did not participate in the formation of active replication complexes after poliovirus superinfection (76) .
No measurable protein synthesis was observed in our PNS, and the addition of the translation inhibitor cycloheximide had little effect on viral RNA synthesis in vitro, suggesting that continued protein synthesis is not required for in vitro RTC activity, as was also reported for poliovirus, hepatitis C virus, and Kunjin virus (77) (78) (79) . However, for the coronavirus MHV, translation inhibition blocked viral RNA synthesis (particularly minus strand synthesis) both in vivo (54) and in vitro (49, 52) . These conflicting observations might reflect fundamental differences in the mechanism of replication of arteriviruses and coronaviruses or might be due to technical differences between the systems used.
The Activity of Isolated RTCs Depends on a Cytosolic Host Factor-EAV RTC activity was associated with heavy membrane structures that could be sedimented from PNS at 10,000 ϫ g (P10). The addition of nonionic detergents destroyed all RTC activity, consistent with an important role of membranes in RTC structure and/or function, a common feature of many positive-stranded RNA viruses. Hardly any RTC activity was detected in the resuspended P10 fraction when it was assayed in a standard IVRA. The activity was, however, considerably stimulated when the reaction was supplemented with the S16 fraction from either infected or mock-infected BHK-21 cells, and further experiments suggested that a cytosolic host protein is required for RTC activity. This host factor was also present in the cytosol of the various mammalian, fish, and insect cells that were tested, but not in yeast cells, suggesting that it is highly conserved in animal cells (Fig. 4D) . The host factor was partially purified from the cytosol of HeLa cells by gel filtration chromatography, revealing a native mass of between 59 and 70 kDa. The future, unambiguous identification of the host protein factor required for EAV RTC activity will depend on the successful development of a protocol allowing its further purification without loss of activity. Follow-up studies to explore this issue are currently in progress.
Besides EAV, the fact that the activity of isolated membraneassociated viral replication complexes depends on a host factor has only been reported for poliovirus (77) and not for the isolated membrane-associated replication complexes of various other viruses (43, 68, 80 -82) . Whether this is due to fundamental differences between replication complexes of different viruses or due to variations in isolation and assay procedures remains to be seen. For instance, host factors might be involved in the RNA synthesis of all viruses, but their copurification with the active complex might depend on the mode of their association with the replication complex.
Structural Characterization of the Isolated EAV RTC-Ultrastructural analysis of the RTC-containing heavy membrane pellet fraction by immunoelectron microscopy revealed the presence of nsp3-containing DMVs, resembling those observed in EAV-infected cells (12) . Analysis of the distribution of replicase subunits between the cytoplasmic S10 fraction and the RTC-containing P10 fraction revealed that proteins previously implicated in viral RNA synthesis (nsp9-RdRp and nsp10-helicase) (28, 29) and DMV formation (nsp2 and nsp3) (30) exclusively cosedimented with the active RTC. In contrast, the main protease nsp4 was found predominantly in the cytosolic S10 fraction and not cosedimenting with RTC activity, suggesting that its presence is not (or, rather, no longer) required for RTC activity. The P10 fraction also contained substantial amounts of the nsp3-8, nsp5-8, and nsp5-7 processing intermediates and the multifunctional nsp1 (46 -48) , which is in line with its essential role in sg RNA synthesis. In general, these data are in agreement with previously reported immunofluorescence and electron microscopy data (11) (12) (13) .
The bulk of newly synthesized EAV genomic RNA remained associated with the RTC, whereas sg mRNAs were mainly found in the cytoplasmic fraction, suggesting their rapid release from the complex by which they had been synthesized. It is unlikely that the relative enrichment in genomic RNA is merely due to the slow release of labeled ssRNA from the RI, since 68% of the radiolabel was present in the single-stranded form, and only 30% was present in the RI form of RNA1. These results might reflect the existence of separate pools of RNAs with distinct roles in the viral life cycle. The molecules that were released from the RTC might be destined for translation, leading to the synthesis of structural proteins (mRNA2 to -7) and additional replicase subunits (mRNA1). The RNA1 molecules that remained associated with the RTC might serve as new templates for replication and transcription and/or become incorporated into new virions, assuming that packaging occurs in coordination with replication. In this context, the reported partial colocalization of the N protein with the RTC of EAV (83) and other nidoviruses (9) is an interesting observation. Intracellular virions that were already present upon cell lysis probably contributed to the amount of (mainly unlabeled) endogenous genomic RNA recovered from the cytosolic fraction.
Conclusions-DMV-like double membrane structures, newly in vitro synthesized viral RNA, and several key replicase subunits cosedimented with EAV RTC activity, which was also found to be dependent on a cytosolic host factor. Taken together, these data confirm and extend the link between these modified membranes and nidovirus replication and transcription. Our analysis indicates that membranes are essential for RTC function (e.g. to protect the RTC against the observed cellular nuclease activity). In addition, sequestering the RTC in specific membrane-bounded compartments might be important for separating and/or coordinating different processes in the viral life cycle (e.g. replicase processing, replication, translation, and packaging), which might be reflected by the differential distribution of genomic and sg RNA and the various viral proteins.
